Chemokines are a family of small cytokines that play essential roles in the directed migration of various types of leukocytes. Based on the arrangement of the conserved cysteine residues, they are classified into two major subfamilies, CXC and CC, and two minor subfamilies, C and CX 3 C. So far, more than 40 members of this family have been identified in humans. Strikingly, the majority of CXC chemokine genes and that of CC chemokine genes are closely clustered at chromosomes 4q12-21 and 17q11.2, respectively. Similarly, the mouse major CXC and CC chemokine gene clusters are located on chromosomes 5 and 11, respectively. In order to understand the evolutionary processes that generated large numbers of CXC and CC chemokine genes in the respective chromosomal sites, we have constructed BAC and YAC contigs covering the human and mouse major clusters of CXC and CC chemokine genes. The results reveal that the organizations of CXC and CC chemokine genes in the major clusters are quite diverged between the two species most probably due to very recent gene duplications and rearrangements. Our results provide an important insight into the evolutionary processes that generated the major chemokine gene clusters and also valuable information in assigning the orthologues between human and mouse major cluster chemokines. Genes and Immunity (2001) 2, 110-113.
Chemokines are a family of small, mostly basic, heparinbinding chemotactic cytokines that regulate the migration and activation of various types of leukocytes. 1, 2 Chemokines are classified into four subfamilies, CXC, CC, C and CX 3 C, based on the arrangement of the N-terminal conserved cysteine residues. Of these, CXC and CC chemokines are the major subfamilies. The majority of CXC chemokines are potent attractants for neutrophils, whereas the majority of CC chemokines recruit monocytes. 1 Accordingly, these chemokines are strongly induced in a wide range of tissue cells by various proinflammatory stimuli and are important mediators of inflammatory responses. 1 Notably, these 'inflammatory chemokines' display highly redundant and promiscuous ligand-receptor relationships. 1 Thus, multiple ligands bind to a single receptor while a single ligand interacts with multiple receptors. Furthermore, the human genes of these inflammatory CXC and CC chemokines are regularly mapped at chromosomes 4q12-21 and 17q11.2, respectively. 3, 4 Similarly, their mouse counterparts are clustered on chromosomes 5 and 11. 1 These functional and genetic features are in fact highly unique for the classical inflammatory chemokines as described below.
Recently, novel chemokines have been identified, mostly through application of bioinformatics on the expressed sequence tag (EST) databases. 2 Unexpectedly, these novel CXC and CC chemokines are directed at cells such as lymphocytes and dendritic cells, and are expressed constitutively in various lymphoid and other tissues with individually specific patterns. Furthermore, these novel chemokines display much more specific ligand-receptor relationships than those of the classical inflammatory chemokines, and their genes are also separately mapped at loci different from the traditional chemokine gene clusters on chromosomes 4 and 17.
2 It is now known that these novel chemokines play important roles in the development, homeostasis, and function of the immune system by finely regulated trafficking of diverse subsets of lymphocytes and dendritic cells, and thus may be classified as 'homeostatic or immune chemokines'. 2 From the phylogenetic analyses, it is also obvious that these immune chemokines are much older than the most inflammatory chemokines. 5, 6 Thus, the chemokines at the major clusters may have been generated relatively recently in the evolutionary terms, and their highly unique genetic and functional features are likely to be related to their recent evolution. In addition, certain viruses such as herpesviruses and poxviruses carry chemokine-like genes, which might have been acquired by host-virus gene exchange. 7 CXC and CC chemokines at the major clusters are likely to have been generated by successive gene duplication events. 1 Probably due to recent duplications even after diversification of the primates and rodents, it is sometimes difficult to determine orthologous relationships between the human and rodent member genes. For example, human CXC chemokines GCP-2/SCYB6 and ENA78/SCYB5 are more closely related to each other than to the probable murine counterpart LIX/Scyb5. 8 In order to understand the evolutionary processes that generated the major chemokine gene clusters and the orthologous relationships between the human and mouse chemokine genes, we previously revealed the organization of the human CC chemokine gene cluster on chromosome 17 by constructing YAC and BAC contigs. 4, 9 The cluster contains 17 CC chemokine genes including one pseudogene (LD78␥/SCYA3L2), and is about several Mb long with a space of about one Mb separating the MIP and MCP subregions. The MIP subregion contains the MIP group genes such as MIP-1␣/SCYA3, MIP-1␤/ SCYA4 and RANTES/SCYA5, while the MCP subregion contains the MCP group genes such as MCP-1/SCYA2, MCP-2/SCYA8 and eotaxin/SCYA11. 4, 10 It is notable that the MIP group chemokines predominantly utilize the CC chemokine receptors CCR1 and CCR5, while the MCP group chemokines predominantly interact with CCR2 and CCR3. 11 These complex ligand-receptor relationships probably indicate the coevolution of ligands and receptors through multiple gene duplication events and diversification. 5 Recently, we also constructed a BAC contig of the mouse MIP group region. 12 In the present study, therefore, we extended our previous studies and determined the organization of the mouse MCP group region and also the organizations of the human and mouse major CXC chemokine gene clusters.
To construct the physical maps of the clusters, genomic clones were identified from the BAC and YAC pools (CITB human and mouse BAC libraries and a CEPH human YAC library, average insert sizes are 130 kb and 1 Mb, respectively; Research Genetics, Huntsville, AL, USA) by PCR. For estimation of the evolutionary relationship of the human and mouse chemokines, the mapping data were compared to the phylogenetic data 5 that analyzed chemokine sequences of representative vertebrate species.
To compare the organization of the human and mouse CC chemokine MCP subregions, we constructed a BAC contig of the mouse MCP subregion (Figure 1 ). The physical maps of the human and mouse MIP subregions, which we constructed previously, are also shown in the figure for comparison. In mice, only 12 genes are identified in the major CC chemokine cluster, and both humans and mice contain six chemokine genes in the MCP subregion. Notably, the human orthologue of the mouse JE/Scya2, often called mouse MCP-1, does not exist in the corresponding site between MCP-3/SCYA7 and MCP-1/SCYA2. Mouse MCP-5/Scya12, which is in fact more homologous to human MCP-1/SCYA2 than JE/Scya2, corresponds exactly to human MCP-1/SCYA2 on the map. Similarly, the mouse counterpart of human MCP-4/SCYA13, whose mouse ESTs have not been
Genes and Immunity identified, is not present in the corresponding site of the mouse MCP subregion.
We also constructed the contigs covering the major clusters of human and mouse CXC chemokine genes. Figure 2 shows the organizations of the human and mouse CXC chemokine genes. Like the CC chemokine clusters, humans have more genes (15 genes including a GRO pseudogene/SCYB1P) than mice (10 genes) so far. No human CXC chemokine gene in the major cluster is included in the finished BAC sequences (as of 1 September 2000). However, several human working draft sequences deposited in the GenBank database support our physical map. The map is also highly compatible with the partial maps and the mapping data of the human CXC chemokine genes on chromosome 4.
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The CXC gene cluster can be divided into two subregions termed herein GRO and IP-10 subregions ( Figure  2 ). The GRO subregion contains the chemokines such as IL-8/SCYB8 and GRO␣/SCYB1 which recognize CXCR1 and/or CXCR2, while the IP-10 subregion contains the chemokines such as IP-10/SCYB10 and BLC/SCYB13 which utilize CXCR3 or CXCR5, respectively. 11 From the insert sizes of the YAC clones (Figure 2 ) and the average insert sizes of the BAC library used, the human CXC cluster is approximately one Mb long with a spacer region An arrow denotes a duplication unit. A filled circle indicates an STS CM4.1453. It is not known whether the human PPBPL1/ PPBPL1 gene is active or not. Since PCR with the primer pair used for human PPBP/PPBP detects both PPBP/PPBP and PPBPL1/PPBPL1 genes, the contents of human PPBP/PPBP and PPBPL1/PPBPL1 genes were determined by Southern hybridization. The probe detected 2.2, 1.4 and 0.5 kb EcoRI fragments for PPBP/PPBP and 10 and 1.8 kb fragments for PPBPL1/PPBPL1. The contents of the human GRO␣/GRO1, GRO␥/GRO3 and GRO (pseudo)/SCYB1P genes were also confirmed by hybridization. The probe detected 5.6 and 3.6 kb EcoRI fragments for GRO␣/GRO1, 11 and 1.4 kb EcoRI fragments for GRO␥/GRO3, and 7.0 and 2.0 kb EcoRI fragments for GRO pseudogene/SCYB1P. The sizes of YAC clones were taken from the YAC database of Whitehead Institute for Biomedical Research/MIT Center for Genome Research.
of about several hundred kb between the two subregions. On the other hand, the mouse CXC cluster may be much smaller than the human cluster.
Notably, the human GRO subregion appears to consist of two large direct repeats. One repeat contains PF4var1/PF4V1, PPBPL1/PPBPL1, GCP-2/SCYB6, GRO␣/GRO1 and GRO pseudogene/SCYB1P, and the other repeat contains PF4/PF4, PPBP/PPBP, ENA78/ SCYB5, GRO␥/GRO3 and GRO␤/GRO2. On the other hand, the mouse GRO subregion contains only one set of the genes. Furthermore, the mouse GRO group genes are not organized in parallel to a single unit of the human GRO repeats. Instead, the mouse GRO region appears to match well to the middle part of the human GRO region, overlapping in part with both direct repeats. Notably, each pair of the genes from the human direct repeats (PF4var1/PF4V1 and PF4/PF4, for example) is generally more similar to each other than the potential mouse counterpart genes. This suggests that the two direct repeats were generated during the recent human evolution. On the other hand, the mouse GRO/Gro1 and MIP-2/Scyb2 genes are also more similar to each other than to the three human GRO genes, and thus might have been duplicated during the recent rodent evolution. Furthermore, mouse weche/Scyb15 and human IL-8/IL8 have no counterparts in the human and mouse genomes, respectively. Since these genes are likely to have been generated before the separation of humans and mice (see the dendrograms in references 5, 6 and our web site http://cytokine.medic kumamoto-u.ac.jp), the human counterpart of mouse weche/Scya15 and the mouse counterpart of human IL-8 might have been deleted during species-specific rearrangements. Indeed, there is no mouse EST for IL-8 even though there are more than 200 human ESTs for IL-8 in the database. Collectively, it is likely that multiple species-specific gene-duplications and other rearrangements have occurred in the GRO subregion, and a further understanding on the evolutionary processes that generated the human and mouse GRO subregions requires the determination of the entire nucleotide sequences of this subregion in both species.
Contrary to the GRO subregion, the IP-10 subregion is well conserved between the two species. This is probably because the IP-10 group genes were generated before the generation of most genes in the GRO subregion (see the dendrograms in the references above). Notably, the IP-10 group chemokines are mostly lymphocyte-specific, ie, the immune chemokines. 2 This reminds us that the most lymphocyte-specific CC chemokines, which were also generated before the emergence of the major cluster CC chemokines and are sporadically mapped on chromosomal sites different from the major CC chemokine cluster, are also well conserved between the two species. 2 The conservation of these immune chemokines between the two species is likely to be related to their essential roles in the homeostatic traffic of specific subsets of lymphocytes and dendritic cells. The present study together with our previous studies 4, 9, 12 and the phylogenetic analyses by Hughes and Yeager 5 has revealed several interesting features of the human and mouse chemokine gene clusters. First, although the ancestral chemokine genes are considered to have been generated at the time or before the first vertebrates emerged, 16 the chemokine genes in the major CXC and CC chemokine clusters are likely to have been increased by relatively recent multiple gene duplication events, resulting in more than 20 members. In general, gene duplication is the most important mechanism for generating new members of a gene family, and some multigene families are known to contain 1000 members or more. 17 In particular, the chemokine gene duplications might have been accelerated through the need of the host defense system against the molecular mimicry by viruses as suggested by Murphy. 18 Secondly, most chemokine genes might have been generated by tandem duplications caused by unequal crossing over events and the paralogous genes have been propagated at the two chromosomal loci independently. Thus, chemokines that have similar receptor usage tend to form a subcluster within the major clusters. This type of duplication is different from another type of duplication where paralogous genes located in a certain chromosomal segment were duplicated in block and hence genes show more sequence similarity to paralogous genes on other clusters than to genes linked on the same cluster. 19, 20 Thirdly, the organizations of the chemokine gene clusters are substantially diverged between humans and mice. Apparently, there are more chemokine genes in the human major clusters than the mouse major clusters. Such species differences in the gene number probably have been caused by frequent gene duplications even after the diversification of humans and mice. Fourthly, from the relative positions on the physical maps, evolutionary relationships of some human and mouse chemokines can now be clarified. In some cases, human or mouse orthologues at the corresponding chromosomal regions are missing. In such cases, the physical maps presented in this study might be useful to search for missing species counterparts, if such genes are ever present, by the 'positional cloning' approach. Lastly, the chemokine major clusters, which are likely to have been generated relatively recently, are likely to retain some clues on the evolutionary processes that are involved in the generation of a large gene family. In fact, we previously found that the CC chemokine PARC/SCYA18 gene was generated by a fusion of two tandem copies of MIP-1␣/SCYA3-like genes in humans. 21 Determination of the nucleotide sequences of the major clusters in the human and mouse genomes, which are ongoing in the Human and Mouse Genome Projects, will help us understand the generation and evolution of the chemokine gene family.
